A, Castaño JP, Kineman RD, Luque RM. Peripubertal-onset but not adult-onset obesity increases IGF-I and drives development of lean mass, which may lessen the metabolic impairment in adult obesity.
LIMITED EXERCISE AND EXCESS FOOD CONSUMPTION are fueling an obesity pandemic across all age groups. In the US, 35 .5% of adults and 17% of children and adolescents are considered obese (7, 8, 30) . Since obesity is known to increase the risk of developing cardiovascular disease and diabetes, both of which reduce the average life expectancy, considerable resources have been devoted to understanding, preventing, and reversing obesity. Of particular concern is the long-term consequences of obesity in children, since some retrospective studies indicate that obesity in children increases their risk of developing metabolic disease in adulthood (17, 19 -21, 26, 28) . This may be due to the fact that the cumulative time spent in the obese state dictates the severity of metabolic disease and/or that obesity prior to puberty alters developmental patterns (which may include changes in central signaling, structural growth, and sexual maturation), thereby altering the initiation/progression of metabolic disease in the adult. However, the view that childhood obesity leads to more severe adult metabolic dysfunction is not universally accepted. A recent retrospective review of the literature revealed that children on the lower end of the body mass index range are at a greater risk of developing obesity and its associated pathologies as adults (23) . It is also becoming apparent that the developmental age (prenatal, neonatal, childhood, adolescence) at which excess nutrient intake occurs may dictate either a positive or negative metabolic phenotype in adulthood (19, 26, 32, 37, 40) . Differentiating between these possibilities in the clinical setting is challenging, and controlled studies cannot be conducted due to ethics concerns. Therefore, researchers have utilized a number of animal models to better understand the metabolic consequences of obesity. A large number of studies examining the metabolic impact of diet (high-fat)-induced obesity (DIO) have been conducted in rodent models, but to our knowledge no studies have been conducted to determine specifically whether adult metabolic function differs if diet-induced weight gain occurs during the peripubertal age vs. whether excess weight gain occurs after puberty. Therefore, the current study compared weight gain, body composition, and glucose homeostasis as well as IGF-I and glucocorticoid levels, in male C57Bl6 mice fed either a low-fat (LF) or a high-fat (HF) diet starting during the peripubertal period (4 wk of age), with mice starting LF and HF diets as adults (12 wk of age).
METHODS

Animals.
Experimental procedures used to generate data in Figs. 1, A-C, 2, 3, and 4 were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Cordoba, where these studies were performed. A second group of mice was generated at the Jesse Brown Veterans Affairs (VA) Medical Center in Chicago to determine the impact of prepubertal-onset vs. adult-onset obesity in body composition (see below ; Fig. 1D ); this specific experimental procedure was approved by the IACUC of the University of Illinois at Chicago and the Jesse Brown VA Medical Center. C57Bl/6J male mice were bred in-house and maintained under standard conditions of light (12:12-h light-dark cycle) and temperature (22-24°C), with free access to food (standard rodent chow)/tap water. At 4 (peripubertal) or 12 wk (adult) of age, a set of mice were fed a LF diet or HF diet [10 or 60% kcal, respectively, from fat (primarily animal fat); Research diets]. It should be noted that mice were randomly selected (1-2 pups·litter Ϫ1 ·diet Ϫ1 ·age Ϫ1 ) from litters ranging from two to nine pups/litter, where the average litter size within group was modestly higher in peripubertal groups compared with adult groups (pLF 6 Ϯ 0.5 vs. aLF 4 Ϯ 0.4; pHF 6 Ϯ 0.5 vs. aHF 4 Ϯ 0.3). Prior to euthanasia or glucose and insulin tolerance tests (see below for details), the mice were acclimated to laboratory personnel and handling to minimize stress. Mice starting the LF or HF diets at the beginning of the peripuberal period (pLF and pHF, respectively) were euthanized after 16 wk of diet [20 wk of age, the period of time in which we have reported previously that mice become hyperglucemic and hyperinsulinemic (24)], whereas mice starting diets as adults (aLF and aHF) were euthanized after 13 wk of diet [25 wk of age, the period of time in which mice are also hyperglucemic and hyperinsulinemic (see RESULTS) ] by decapitation, without anesthesia, under fed conditions. It should be noted that in the present study we focused the comparisons mainly between controls (LF) and obese (HF) mice within group (diet starting as peripuberal or as adult) since the main goal of this study was to determine the impact of age at onset of obesity in metabolic function.
Fat depots and liver were weighed, and blood and tissues (hypothalamus, pituitary, liver, and adrenal glands) were immediately collected, snap-frozen in liquid-nitrogen, and stored at Ϫ80°C for further analysis as described below. As mentioned above, changes in body composition (lean and fat mass) over the course of the diet were assessed in unanesthetized mice by whole body nuclear magnetic resonance (NMR; MiniSpec LF50; Bruker Optics, Manning Park, Billerica, MA).
Glucose and insulin tolerance tests. Glucose tolerance tests (GTT; 1 g/kg ip glucose, overnight-fasted condition) were performed in pLF and pHF groups at 17 wk of age (13 wk of diet) and in aLF and aHF groups at 22 wk of age (10 wk of diet) and between 0700 and 1000. Insulin tolerance tests [ITT; 1 U/kg ip insulin, fed condition; Actrapid (Novo-Nordisk, Bagsvaerd, Denmark)] were performed in pLF and pHF mice at 19 wk of age (15 wk of diet) and in aLF and aHF groups at 23 wk of age (11 wk of diet) between 0700 and 1000.
Circulating glucose and hormones. Glucose levels were determined from fresh tail vein or trunk blood samples using the Glucocard glucometer (Arkray, Amstelveen, The Netherlands). The remaining trunk blood was immediately mixed with MiniProtease inhibitor (Roche, Barcelona, Spain), placed on ice, and centrifuged, and plasma was stored at Ϫ80°C until hormone analysis. Hormones were assessed using commercial ELISA kits for mouse insulin, leptin (Millipore, Madrid, Spain), adrenocotricotropin hormone (ACTH; Phoenix; Karlsruhe, Germany), corticosterone, and IGF-I (Immunodiagnostics Systems, Boldon, UK).
Quantitative real-time RT-PCR. Total RNA was extracted from tissues, reverse transcribed, and amplified by quantitative real-time RT-PCR, as described previously (4, 5) . Primer sequence, melting temperature, and length of PCR product are provided in Table 1 . mRNA copy numbers of all transcripts were adjusted by cyclophilin A mRNA in hypothalamus, pituitary, and adrenal gland extracts or by a normalization factor (NF) calculated from the mRNA copy numbers of three separate housekeeping genes (hypoxanthine-ribosyltrans- ferase, ␤-actin, and cyclophilin A) using the GeNorm 3.3 application in liver extracts, where NF or cyclophilin A mRNA levels did not vary significantly between experimental groups within tissue type (data not shown).
Statistical analysis. Comparison of the response to GTT/ITT was assessed by two-way-ANOVA, followed by Bonferroni test for multiple comparisons. Because of the large sample number, tissue samples from mice starting diets during the peripubertal period (pLF and pHF) were processed separately from tissue samples of mice starting diets as adults (aLF and aHF). Therefore, direct comparisons of mRNA levels were made between diets within age and differences assessed by Student's t-tests. All data are expressed as means Ϯ SE, where P Ͻ 0.05 was considered significant. All statistical analyses were performed using the GraphPad Prism 5 (GraphPad Software, La Jolla, CA).
RESULTS
Effects of age at onset of DIO weight gain and body composition.
Mean body weights over the course of LF or HF feeding are shown in Fig. 1A . HF feeding in peripubertal mice augmented the rate of weight gain dramatically between 4 and 12 wk of age compared with LF-fed controls (pHF 1.52 g/wk vs. pLF 0.84 g/wk). Although the rate of growth slowed between 12-20 wk of age in both diet groups, it remained elevated in the pHF mice (pHF 0.77 g/wk vs. pLF 0.40 g/wk). NMR analysis of whole body composition revealed that the enhanced growth observed in the pHF mice was due to an increase in lean mass as well as an increase in fat mass (Fig. 1D) .
When HF feeding was initiated in adult mice, the rate of weight gain between 12 and 20 wk of age exceeded that observed in age-matched pHF mice (aHF 1.23 g/wk vs. pHF 0.77 g/wk). In a separate set of mice, NMR analysis of whole body composition revealed that the enhanced growth observed in aHF mice was due to an increase fat mass, whereas lean mass did not differ from aLF mice (Fig. 1D) .
Despite the fact that pHF were supplied excess calories for a longer period of time (16 wk), postmortem fat depot weights did not differ from those of aHF mice (Fig. 1B) , which was reflected in similar levels of circulating leptin (Fig. 1C) . Mean body weights, fat depot weights, and circulating leptin levels of aLF mice were modestly but significantly greater than pLF mice, which is likely due to the fact that aLF mice were maintained on a standard chow diet (17% kcal from fat) until the LF diet was started (10% kcal from fat) at 12 wk of age.
Effects of age at onset of DIO on glucose homeostasis. Age at initiation of LF and HF feeding did not alter fed insulin or glucose levels measured in trunk blood samples, where both pHF and aHF mice were hyperinsulinemic and hyperglycemic compared with their LF-fed controls (Fig. 2, A and B) . Consistent with these findings, pHF and aHF mice displayed impaired glucose tolerance and insulin resistance (Fig. 2 , C-G) compared with their LF-fed controls. Age at onset of diet did not dramatically alter the area under the curve (AUC) for GTTs or ITTs when calculated using 0 -120 min of sampling (Fig. 2,  E and F, respectively) . However, since early changes in endogenous glucose levels during ITTs are attributed to muscle uptake, whereas later changes in glucose levels are due to compensatory increases in hepatic gluconeogenesis (12) , ITT AUCs were also calculated using 0-to 60-min samples (Fig.  2G) . Interestingly, this showed that pHF mice, despite a longer time on diet, remained relatively more insulin sensitive than aHF mice. Therefore, it would be interesting to analyze insulin signaling in peripheral tissues in future studies; however, at this moment and with the available animals, we were unable to perform this experiment. Effects of age at onset of DIO on the IGF-I system. It has been hypothesized that hyperinsulinemia decreases concentrations of insulin-like growth factor binding protein (IGFBP)-1 and IGFBP-2, leading to increased availability of IGF-I (1, 35) ; however, a clear elevation in total or free IGF-I in obesity is controversial (1, 10, 11 ). In the current study, total circulating IGF-I levels were elevated in pHF mice but not in aHF mice (Fig. 3A) relative to their LF-fed controls. We were not able to measure free IGF-I in this study since, to the best of our knowledge, no commercial assay is available to measure free IGF-I in mice. However, given the fact that the liver is responsible for producing the majority of IGF-I found in the circulation and that GH is critical in maintaining optimum production of hepatic IGF-I (22), we assessed end points important in hepatic IGF-I production and transport/stability. Hepatic expression of growth hormone receptor and IGF-I were not altered by diet or age at initiation (Fig. 3, B and C) . However, hepatic expression of IGF acid labile subunit (IG-FALS) of pHF but not aHF mice was elevated relative to LF-fed controls (Fig. 3D ). In addition, hepatic expression of IGFBP-1 was reduced in both pHF and aHF relative to their LF-fed controls, whereas hepatic expression of IGFBP-2 or IGFBP-3 was not altered (Fig. 3, F and G) .
Effects of age at onset of DIO on the adrenal axis. Dysregulation of adrenal axis function is thought to play a major role in the development of obesity and insulin resistance (36) . Therefore, we examined the impact of age at onset of obesity on the hypothalamic-pituitary-adrenal axis, and the results are shown in Fig. 4 . There was an overall stimulatory effect of HF feeding (2-way ANOVA, P ϭ 0.0182) on corticosterone levels, which reached significance only in pHF mice (P ϭ 0.1 for aHF vs. aLF) (Fig. 4A) . Although expression of ACTH receptor (MCR2) was not altered in the adrenal gland (Fig. 4B) , adrenal expression of 11␤-hydroxysteriod dehydrogenase, an enzyme involved directly in the production of corticosterone, was suppressed in aHF mice but not pHF mice relative to LF-fed controls (Fig. 4C) . In aHF mice but not pHF mice, pituitary proopiomelanocortin mRNA levels tended to be elevated (P ϭ 0.09; Fig. 4D ), which was associated with a significant elevation in plasma ACTH levels (Fig. 4E) . The ability of pHF but not aHF mice to maintain normal ACTH secretion may be due to the fact that hypothalamic CRF input to the pituitary may be reduced, as indicated by a significant reduction in hypothalamic expression of CRF (Fig. 4F) .
DISCUSSION
The prevalence of obesity in the childhood/adolescent population is alarmingly high (30) , raising questions about the impact of childhood/adolescent excess weight gain on adult metabolic function. Although some studies suggest that metabolic dysfunction is more severe in adults who became obese during adolescence (17, 28) , this assumption has been challenged recently (23) . Given the difficulties in designing controlled experiments in humans to accurately address this issue, the current study used a common model of DIO, where male C57Bl6/J mice are fed a diet rich in animal fat (60% kcal from fat) starting at 4 wk of age (representing the start of the peripubertal period). These mice rapidly gain fat mass and by 16 wk of HF feeding are obese, hyperlipidemic, insulin resistant, and glucose intolerant relative to mice fed a LF diet (10% Fig. 2 . Effects of age at onset of DIO glucose homeostasis. A and B: plasma insulin (A) and plasma glucose levels (B) in mice with peripubertal-and adult-onset obesity after 16 or 13 wk of diet, respectively. C: glucose tolerance test (GTT) performed in peripubertal-onset obese mice at 17 wk of age ϭ 13 wk of diet (left), and adult-onset obese mice at 22 wk of age ϭ 10 wk of diet (right). D: insulin tolerance tests (ITT) performed in peripubertal-onset obese mice at 19 wk of age ϭ 15 wk of diet (left), and adult-onset obese mice at 23 wk of age ϭ 11 wk of diet (right). E: GTT area under the curve (AUC). F and G: ITT AUC. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001, significant impact of diets within age group. a Statistical difference in glucose levels at t ϭ 0 of GTT pLF (peripubertal groups of mice on LFD) and pHF mice (peripubertal groups of mice on HFD); P Ͻ 0.05. kcal from fat) (27) . We hypothesized that adult metabolic function of mice starting the HF diet during the peripubertal period (pHF) would be more impaired than that of mice that began HF-feeding as adults (aHF). However, the current results indicate that this is not the case, because fat mass and glucose homeostasis were similar between pHF and aHF mice, although pHF mice consumed the HF diet for a longer period of time. Fig. 3 . Effects of age at onset of DIO on the IGF-I system. A: plasma IGF-I levels in mice with peripubertal-and adult-onset obese mice after 16 or 13 wk of HFD, respectively, and their LFD controls. Relative hepatic mRNA levels of IGF-I (B), growth hormone receptor (GHR; C), IGF acid labile subunit (IGFALS; D), IGF-binding protein-1 (IGFBP-1; E), IGFBP-2 (F), and IGFBP-3 (G) in mice with peripubertal-and adultonset obesity after 16 or 13 wk of HFD and their LFD controls. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001, significant impact of diets within age group. Fig. 4 . Effects of age at onset of DIO on the adrenal axis. Plasma levels of corticosterone (A), mRNA levels of adrenal melanocortin receptor 2 (MCR2; B), and adrenal 11␤-hydroxysteriod dehydrogenase (11␤HSD1; C). mRNA levels of pituitary proopiomelanocortin (POMC; D), plasma levels of adrenocorticotropic hormone (ACTH; E), and mRNA levels of hypothalamic corticotropin releasing factor (CRF; F). All samples were collected from mice with peripubertal-and adult-onset obesity after 16 or 13 wk of HFD, respectively, and their LFD controls. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001, significant impact of diets within age group.
Although we cannot rule out the possibility that differences in fat mass and glucose homeostasis may arise if these mice are followed for a longer period of time, the current results do support the notion that peripubertal onset of obesity does not lead to a more severe metabolic phenotype in the young adult relative to the impact of weight gain after puberty. One factor that may likely contribute to the relative maintenance of metabolic function in pHF mice is the increase in lean mass, which was not observed in aHF mice. These findings are consistent with previous reports, which used NMR to examine body composition in HF-fed mice and reported a pronounced increase in lean mass in pHF compared with LF-or chow-fed controls (34) , whereas studies that began HF feeding in adult mice reported little or no change in lean mass (18) . Given the primary role of muscle in whole body energy utilization (12) , an increase in total lean mass might serve a protective role in maintaining glucose homeostasis to counterbalance the negative impact of fat accumulation. In humans (9, 13, 16) as well as mice (15), childhood/adolescence onset of obesity also accelerates skeletal growth and maturation.
Elevated IGF-I levels may also contribute to the increase in lean mass in pHF mice. Elevated adult IGF-I levels have also been reported by others using the same pHF mouse model (15, 41) as well as in prepubertal (1 yr of age) diet-induced obese primates (39) . In addition, elevated IGF-I levels have been observed in obese children and adolescents (25, 31) ; however, some but not all studies have reported elevated IGF-I in obese adults (1, 10, 38) . The variability in the adult data could be due in part to differences in the age at obesity onset in the study population, which was not considered in these studies. Variability may also be due to differences in absolute fat mass, where adipose tissue can produce IGF-I and may contribute to the circulating pool (29) . Although there are discrepancies in the literature with respect to the impact of obesity on total IGF-I, it has been proposed that DIO leads to an increase in the level of bioavailable IGF-I by changing circulating levels of IGF-I binding proteins, which are known to positively or negatively impact the biological function of IGF-I (1, 10, 11). Although we did not assess free IGF-I in the current study, indirect evidence suggest that levels may be elevated, particularly in pHF mice. First, the hepatic expression of IGFBP-1 was reduced in both pHF and aHF mice, which is consistent with previous reports showing a decrease in circulating IGFBP-1 in obese humans and mice (1, 10, 11) , where IGFBP-1 is thought to retain IGF-I in the circulation, thereby reducing its biological effect. In addition, hepatic expression of IGFBP-1 and expression of IGFALS were increased in pHF but not in aHF mice. The majority of circulating IGF-I is bound to IGFALS and IGFBP-3, and this ternary complex serves to increase the half-life of IGF-I (14) . The importance of IGFALS in maintaining bioactive IGF-I is supported by the observation that inactivating mutations in IGFALS are associated with reduced total IGF-I levels, short stature, and insulin resistance (6) . It should be noted that the metabolic dysfunction of IGFALS mutant subjects may be due not only to impairment of structural growth but also directly to the loss of IGF-I, since IGF-I has been reported to directly enhance insulin signaling (3, 33) . Therefore, we might speculate that DIO during the adolescent growth spurt enhances both total and bioavailable IGF-I, where IGF-I in conjunction with insulin increases lean mass. IGF-I levels may remain high in obese adults, who initially gained excess weight as children, and this could help to counterbalance the expected obesity-related morbidities.
Dysregulation of glucocorticoid production may exacerbate the onset of obesity and its related morbidities in adulthood (36) . In the current study, high-fat feeding did indeed elevate corticosterone levels, which has been reported in some, but not all, DIO mouse studies (2). These differences could be attributed to differences in diet composition, duration of diet, and background strain as well as time and method of sampling. Despite similar elevations in corticosterone levels in current study, age at onset of HF feeding did have differential effects on expression of genes within the hypothalamic-pituitaryadrenal axis associated with glucocorticoid production, suggesting that there may be differences in the negative feedback regulation and/or that other factors not measured account for these differences. Understanding the mechanisms behind these differences will require dynamic sampling.
In contrast to the commonly accepted view that childhoodonset obesity exacerbates metabolic dysfunction in the adult (17, 19 -21, 26, 28) , the current results do not support this hypothesis, at least in the case of weight gain occurring during the peripubertal period in C57Bl6/J mice fed a diet rich in animal fat. In fact, the inability of aHF mice to respond to HF feeding by increasing lean mass and IGF-I levels, coupled with alterations in adrenal axis function, may set the stage for a more rapid decline in metabolic function compared with pHF mice. It should be noted that in the current study we tested the impact of DIO only during the peripubertal period, where studies in humans and mice have indicated that prenatal/ neonatal overnutrition may have opposite effects (17, 19, 26 -28, 32) . Although additional studies will be required to tease apart these differences and unveil their molecular mechanisms, these initial observations demonstrate clearly that the age at onset of obesity should be considered when designing studies to examine metabolic function in different physiological/genomic states since it may produce important and specific changes in body composition, adrenal axis function, and insulin sensitivity.
